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Abstract. Elucidation of geodynamic, geochemical, and shock induced processes is 
limited by challenges to accurately determine molecular fluid equations of state (EOS). 
High pressure liquid state reactions of carbon species underlie physiochemical 
mechanisms such as differentiation of planetary interiors, deep carbon sequestration, 
propellant deflagration, and shock chemistry. In this proceedings paper we introduce a 
versatile photoacoustic technique developed to measure accurate and precise speeds of 
sound (SoS) of high pressure molecular fluids and fluid mixtures. SoS of an intermediate 
boron oxide, HBO2 are measured up to 0.5 GPa along the 277 ˚C isotherm. A polarized 
exponential-6 interatomic potential form, parameterized using our SoS data, enables EOS 
determinations and corresponding semi-empirical evaluations of >2000 ˚C 
thermodynamic states including energy release from bororganic formulations. Our 
thermochemical model propitiously predicts boronated hydrocarbon shock Hugoniot 
results. 
 
 
 
Introduction 
 
Earth’s evolving geochemistry involves 
complex reactions between silicate solutions, 
mantle minerals, oxides, and other molecules with 
high pressure hydrocarbon species. Physical 
conditions predominate in the upper- and lower-
mantle, including those generated by explosive 
volcanism, can be created by ignition of rocket 
propellants, or during explosive crystallization or 
detonation processes. The addition of metal 
reactants to enhance the performance of these tools 
increases their chemical similarities with interior 
planetary processes. Metal additives were first 
introduced to energetic material formulations to 
increase the impact potential of shaped charges.
1
 
Predictions of reaction products from highly 
energetic CHNO materials containing metal 
additives are a highly empirical and limited 
primarily to large-scale calibration tests and 
knowledge of sparsely available extreme condition 
thermodynamic data. Aluminum powder was 
observed to decrease shock pressure and reaction 
velocities of HEs, an effect attributed to low heat 
of formation oxide products at the Chapman-
Jouguet, (C-J) plane of explosives, i.e. the 
thermodynamic state where the products behind a 
steady propagating detonation front reach chemical 
equilibrium.
2
 Boron was also recognized as a 
candidate additive allowing for its high volumetric 
heat of reaction, 137.45 kJ/cc, which is the highest 
elemental H per unit volume.
3
 An early 
detonation rate study indicated that ammonium 
nitrate mixed with 10wt%, boron (particle size of 
10 m) will form B2O3 at approximate pressures 
and temperatures of 2.5-20 GPa and 2273-4273 
˚C.4 When 5-10wt% of a secondary HE, PETN, 
was added to this mixture, the overall detonation 
velocity increased 25% for the largest charge 
diameter. The notion was that PETN increased the 
reaction temperature from 1973 ˚C to 4773 ˚C, 
which enabled complete oxidation of boron thus 
liberating additional thermochemical energy. 
Guidance leading to this supposition was based 
upon the pioneering work of Macek and Semple 
where boron (particle sizes 34.5 and 44.2 m) was 
reported to undergo a two-stage oxidation 
sequence; ignition followed by combustion.
5
 
Initially a B2O3 passivating layer forms via gas 
phase reactions with available oxidizer(s). If the 
detonation temperature exceeds the high pressure 
melt temperature of B2O3, combustion of the 
underlying pure boron occurs. Akimov et al. 
reported the effect of boron (particle size of 0.1 
m) on the detonation velocity of three HEs 
exhibiting a wide range of oxygen balance. Upon 
increasing the boron content from 4.5wt% to 
11wt% they measured a loss of 3.5% in the 
detonation velocity of PETN.
6
 Under the same 
HE:boron mixture range reported by Akimov et 
al., Pepekin et al. determined nearly identical heats 
of explosion for PETN and RDX.
7
 More recently 
Sezaki et al. observed a 20% increase in 
detonation velocity of a formulated polymer 
blended explosive (PBX=73wt% RDX and 27wt% 
hydroxyl terminated polybutadiene binder) when 
boron (particle size ≤44 m) content was increased 
from 4wt% to 10wt%.
8 
The significance of the boron particle size on 
combustion dynamics was highlighted by a study 
reported by Yeh and Kou: 3 m diameter particles 
more quickly reach the ambient pressure melting 
temperature of 2723 ˚C resulting in virtually no 
“dark region” between the ignition and combustion 
stages.
9
 The correlation between burning time and 
particle diameter was recently extended to nano-
scale lengths by Young et al.
10
 They found a weak 
dependence on the ignition and combustion stage 
oxidation rates with particle diameter. The 
available mole fraction of oxygen primarily altered 
the combustion rate while particle temperature 
strongly affected the rates of each reaction stage. 
Interestingly they found that for nano-scale boron 
there is a temperature threshold required to achieve 
complete combustion. This phenomenon is 
attributed to convective and radiative heat loss; 
submicron particles are unable to generate 
sufficient heat to melt pure boron. The energy 
source for second-stage combustion of (BO)n 
species, formed when pure boron dissolves into 
molten B2O3, is attributed to highly exothermic 
reactions with H2O vapor and molecular oxygen. 
To summarize, the reaction sequence of boron 
according to Yeh and Kou follows, 
 
Ignition: 
4/3B(s)+4/3B2O3(l)+2H2O(g)+O2(g) -> 4 HBO2(g) 
 
Combustion: 
2B(l)+ O2(g)-> B2O2 (g) 
 
Intermediate reaction steps form additional 
boroxides. However, when H2O is present, HBO2 
is shown to be the most thermodynamically stable 
product between 1873 – 2673 ˚C in oxygen-rich 
environments.
11
 As Yetter et al. demonstrated in 
their combustion kinetics study, and Young and 
Sullivan et al. later reiterate, oxidizer-rich and wet 
environments enable HBO2 to lock or trap boron 
thus preventing complete oxidation.
10 - 12
 To 
circumvent the poisoning effect H2O has on boron 
oxidation, Ulas et al. explored suggestions made 
by several researchers that fluorine-containing 
environments may enhance the removal of B2O3(l) 
and, by fluoro-reduction of HBO2, increase global 
energy release.
13
 The fluorination of boron results 
in a 79% increase in volumetric H compared to 
H of oxidation.
3
 Their results demonstrate that 
for 1 m and 3 m particle size boron the total 
burning time decreases only after the fluorine to 
oxygen (Fl/O) ratio exceeds 0.47, a point where 
free fluorine begins to replace less reactive HF 
molecular product. The Fl/O ratio must exceed 
approximately 2.2 before total burning time falls 
below that of Fl/O = 0. The previously mentioned 
two-stage combustion reaction reduces to one 
continuous burn sequence when Fl/O exceeds 0.07 
and the B2O3 surface temperature exceeds 2293 
˚C; HF and especially atomic fluorine vaporize the 
B2O3(l) layer much more rapidly than H2O and 
O2.
13
 Oxidizers react with pure boron at faster rates 
than HF, and at much slower rates than F. Shock-
tube reaction studies (8.5 atm.) reported by 
Spalding et al. (3-5 m particle size) indicate that 
boron oxidation rates drop significantly when 
adding N2 in dry environments.
14
 Macek and 
Semple demonstrated that N2 will accelerate boron 
oxidation when H2O is available.
5
 
A stringently tested semi-empirical 
thermochemical model would quantify the 
conditions that poison oxidation reactions and 
suggest reactant stoichiometries to unlock the fuel 
potential of metal additives. Ulas et al. provided a 
simplified semi-empirical oxidation and 
fluorination model for boron combustion; 
however, it is strictly limited to near ambient 
pressure conditions. We hypothesize that boron 
containing CHNO HEs will produce HBO2, which 
to a significant degree affects energy output, just 
as it does in combustion reactions.
15
 There are no 
experimental or theoretical data available to 
construct a semi-empirical HBO2 equation of state, 
so we chose to measure elevated pressure SoS. 
The SoS is the most sensitive state variable to 
changes in a materials EOS. Variations to 
compressed fluid speeds of sound typically exceed 
measurement error by factors of 10
3
. Direct 
volume measurements of compressed fluids cannot 
approach such high fidelity in precision. 
 
Experimental Approach 
 
In these proceedings we discuss a novel in situ 
technique developed to measure SoS of virtually 
any translucent fluid encapsulated in a chamber by 
transparent windows. The heated diamond-anvil 
cell (DAC) is utilized to control sample pressure 
and temperature. SoS data enable parameterization 
of interatomic potential functions, from which 
extreme condition thermodynamic states are 
calculated. Normally we employ the impulsive 
stimulated light scattering (ISLS) technique to 
launch and probe ultrasonic waves within fluid 
samples.
16-17
 The technical advantages of ISLS to 
study fluids have been previously discussed.
18
 
However there are practical requirements for 
optically thin, e.g., <50 m DAC sample fluids, 1) 
they must absorb minimally 0.1% of excitation 
pulse light and, 2) exhibit no photo reactions with 
either excitation or probe pulses. Unfortunately 
HBO2(l) does not absorb at the fundamental or 
higher harmonics of our 1064 nm excitation 
source. Furthermore we observe a high propensity 
for initiation of HBO2(s) photochemistry by two 
overlapped ISLS excitation pulses (1.0-1.4 
GW/cm
2
 peak Gaussian profile irradiance). These 
issues were overcome by developing an 
experimental approach utilizing one attenuated 
excitation pulse (<0.4GW/cm
2
 peak Gaussian 
profile irradiance) to launch pressure waves into 
translucent fluids or solids. 
To generate coherent broadband sound waves, 
first a platinum film is deposited onto the culet of a 
diamond-anvil. Focused ion beam (FIB) site 
specific deposition is conducted using a FEI 
Nova600i NanoLab instrument. A culet is first 
cleaned and then coated with 150-200 Å of carbon 
to minimize FIB charging effects. A precursor gas, 
trimethyl platinum (TMP) is introduced 
approximately 200 m above a culet surface. TMP 
interacts with a scanning ion beam whereby Pt 
deposition occurs at the culet surface. We initially 
found that four parallel Pt films, (0.5-1.0 m wide, 
approximately 75 m long, and 0.27- m tall), with 
center-to-center line separations of 22, 25, 30, and 
33 m enables one to measure speeds of sound 
with velocities ranging from 0.5 to at least 5 
km/sec (Figs. 1 and 2). The more simple method 
of welding micron dimensional wire onto one 
anvil by method of compression with an opposing 
anvil may also work to form a transducer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A SEM image of platinum films deposited 
onto a diamond-anvil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. A photo-micrograph of a DAC sample 
chamber. At 0.22 GPa and 277 ˚C solid HBO2 
begins to slowly encroach on the remaining 
supercooled fluid. Inspection of the left side of the 
chamber reveals gratings that were burned into the 
culet from failed attempts to generate traditional 
ISLS signals. A pressure manometer rests in the 
lower left region of the chamber. 
 
To generate sound, a 100 ps width optical pulse 
is focused onto a platinum film. The peak laser 
irradiance on the film, <0.03 GW/cm
2
, impulsively 
increases temperature within the film (electron-
phonon energy transfer) by a few degrees. The 
temperature rise produces a thermal stress 
distribution in the Pt film that launches a 
longitudinal strain-pulse. The pulse energy is 
reflected and transmitted at the interface between 
the film and the surrounding sample. Transmitted 
broadband pulses that travel perpendicular to the 
direction of the excitation-pulse and into the 
surrounding medium are utilized to make SoS 
measurements. The physics behind similar 
photoacoustic transducers is well documented 
however the geometry and application of our 
device is unique.
19 – 22
 At 277 ˚C and 0.01GPa, the 
impedance of Pt ≈ 8.8.0x107 Kg/s·m2 and HBO2(l) 
= 6.5x10
5
 Kg/s·m
2
 and so the transmitted acoustic 
intensity, IT = 2.9% of that initially within the film; 
this value increases with applied pressure because 
the fluid is more compressible, e.g., IT ≈ 4.2% at 
0.5 GPa. The leading pulse peak (expansion of the 
medium) increases and the pulse trench 
(rarefaction following expansion of the medium) 
reduces the nominal index of refraction of the 
sample and therefore alters the local magnitude of 
optical diffraction. A time-of-flight delayed 532 
nm probe-pulse (~ 20 m FWHM spot) is focused 
onto a second and parallel Pt film. The probe-pulse 
peak irradiance is insufficient to photoacoustically 
launch a pressure wave. (In principle a continuous-
wave laser probe and a sufficiently fast GHz range 
detector and oscilloscope could be employed to 
expedite data acquisition.) The probe radiation 
scatters off of the Pt films forming a local 
oscillator (LO) or reference field, ER, (IR=ER
2
) with 
a constant phase. Probe radiation also diffracts 
from the traveling wave, generating a diffracted 
field, ED (ID=ED
2
) with a time-varying phase. The 
LO central frequency is unshifted whereas the 
diffracted field components are Stokes or anti-
Stokes shifted thus leading to the notion of 
heterodyne detection.
23
 A pin-hole aperture is 
positioned behind the DAC to select a signal 
collection wave-vector, KS and pass a narrow cone 
of light (<1x10
-4
 % of the available DAC solid 
angle) to a photomultiplier tube, (PMT). Signal 
intensity measured at the PMT is equal to the 
square of the mixed fields, and is modulated by the 
time varying optical phase difference between ER 
and ED. The frequency of the material response is 
given by A = 2c/ P (sin ), where c is the 
medium SoS, P is the probe wavelength, and  = 
 Pi +  Pd, the probe angle of incidence and the 
probe angle of diffraction. The phenomenon 
described here is analogous to Thomas Young’s 
well known double-slit diffraction experiment 
where here the slit separation, i.e. the distance 
between a traveling wave and the point where IR is 
generated, is time dependant.
24
 Time-domain 
series (Fig. 3) are Fourier transformed to compute 
modulation frequency ( A  < 2 GHz for   = 10˚, c 
≤ 6 km/sec, P = 532 nm ). For the sake of brevity 
we give this technique the abbreviation, PALS 
(Photoacoustic Light Scattering). 
The value of KS is determined by conducting 
PALS measurements on a material with accurately 
established speeds of sound, e.g. speeds of sound 
collected from water and ice at a measured 
temperature and determined pressure. PALS 
measurements compare favorably with the well-
established IAPWS-95 formulations (standard 
 
 
Fig. 3. Normalized PALS time-domain data, offset 
to enhance clarity, from liquid H2O and HBO2. 
 
 
 
 
Fig. 4. Determination of KS is accomplished by 
measuring A from a sample of known c(P,T). KS 
was selected using the IAPWS-95 value for H2O 
SoS at 0.66 GPa (blue square with no error bars) 
and 22 ˚C; PALS data compare well with liquid 
and solid state measurements by Abramson and 
Baer.
17,26
 
 
deviation is 0.6%) including accurate ISLS results 
(Fig. 4).
17,25,26
 A powerful feature of PALS allows 
for a continuum of KS values to be rapidly changed 
to investigate dispersion relations without need to 
physically change  Pi or the sample position ( A = 
0.4 – 4.0 GHz for  = 5˚ - 53˚, c = 2.4 km/sec, and 
P = 0.532 m). High P-T adiabatic SoS are 
determined by, c = A / KS . Recent improvements, 
e.g., the use of a cylindrical probe profile, have 
reduced the error to <0.5%.. 
 
Sample Preparation and Characterization 
 
99 % pure HBO2 (Aldrich), consisting of a 
powdered mixture of orthorhombic and 
monoclinic allotropes, was loaded into DAC 
sample chambers where Ir gaskets were used for 
radial confinement. The physical properties of 
HBO2 have been reported over a wide temperature 
and pressure range.
27-31
 Strontium tetraboride, 
(STB) doped with approximately 2% Sm served as 
a pressure manometer with 0.02 GPa precision. 
The pressure calibration and also temperature 
corrections specific to our STB are given 
respectively by Datchi et al. and Abramson et 
al.
32,17
 Separate -FTIR measurements were 
conducted on HBO2 up to 0.7 GPa along the 277 
˚C isotherm and back to ambient conditions, 
including post SoS measurement IR data, 
confirmed molecular stability. At 277 ˚C HBO2 
begins to slowly freeze above 0.22 GPa. In this 
pressure range the interpolated melting curve is 
relatively steep, 490 ˚C/GPa. Above 300-350 ˚C, 
the STB manometer consistently failed within 60 
minutes; perhaps the oxidation potential of the 
fluid increased. The narrow P-T region where 
fluid-state HBO2 measurements are accessible may 
explain the lack of any previous data.  Above 300 
˚C a cubic boron nitride optical Raman manometer 
was required, which has an approximate precision 
of 0.3 GPa. At 550 ˚C and 2.6 GPa, 10-20 micron 
diameter vesicles form. Increasing temperature to 
650 ˚C at 0.7 – 1.7 GPa caused vesicles to 
combine and form into a more opaque material 
comprised of 1-10 micron particles. Corresponding 
Raman data (<200 kW/cm
2
 average Gaussian 
profile irradiance) reveals the existence of B-O 
stretch (801 cm
-1
) and two O-H stretch vibrations 
(3590 cm
-1
, and 3623 cm
-1
).  
 
Discussion 
 
The SoS data obtained from fluid HBO2 (Fig. 5) 
provide an opportunity for deriving effective 
molecular interactions for the HBO2 molecule,  
 
 
Fig. 5. Measured SoS from HBO2(l), filled circles, 
and calculated SoS from Exp6-polar function, 
solid line. 
 
thus enabling predictions of thermodynamic and 
chemical equilibrium states of high temperature 
deflagration, explosive crystallization, or 
detonation of boron containing compounds. To 
this end we employ an exp6-polar thermodynamics 
theory that was previously shown to yield very 
good results for the properties of hot, dense H2O 
and HNO2.
33,34
 HBO2 is also a strongly polar 
molecule, with a dipole moment greater than H2O; 
for the purpose of the present modeling we set the 
value of its dipole moment to the calculated value 
for the isolated molecule, = 2.78 Debye.
35
 It is 
possible and quite likely that, similarly with H2O, 
a somewhat larger value of  may be more 
appropriate for describing HBO2 at the high-
density fluid conditions typical of detonation or 
high pressure combustion, whose properties we 
eventually wish to predict. However, the limited 
experimental data presently available do not 
warrant trying to discern such an effect; we expect 
that this approximation will have little effect on 
our conclusions regarding the character of 
detonations containing boron, which at this point 
can only be largely qualitative. We find that exp6 
parameter values, ro = 3.976,  = 216.3, and  = 
12.67 using the above dipole moment yield good 
agreement with the sound speed measurements - 
see Fig. 5. Thermodynamic calculations using 
these parameters place the critical point of HBO2 
approximately at Tc = 447 ˚C and Pc = 260 atm; of 
course chemical reactivity may actually intervene 
before these conditions can be reached. 
The important role that molecular HBO2 is 
likely to play in hydrocarbon or organometallic 
explosive combustion of boron particles e. g. 
rocket propellants, is well documented.
3,5,11-15
 Here 
we attempt to quantify its impact in the detonation 
of explosives containing elemental boron by 
employing newly determined HBO2 
thermodynamics in the calculation of detonation 
velocities. These calculations are performed using 
the code CHEETAH and are similar with those 
described for example in ref. 36. The code is used 
here to determine C-J points of explosives. 
Detonation product results are constrained to 
single-phase fluid mixtures and, potentially, many 
condensed phases. The major boron-containing 
products likely to be relevant for such processes 
have been discussed for example in ref. 11. The 
fluid phase components we consider are small 
molecular products such as N2, CO2, H2O, CO, 
NH3, CH4, HBO2, O2, H2, etc., which are 
thermodynamically favored at high temperatures 
and pressures; they are all modeled by exp6 or 
exp6-polar interactions and tested favorably 
against experimental data. The condensed phases 
are carbon (diamond and graphite), B2O3 (liquid 
and solid), B (solid and liquid), BN (solid cubic 
and hexagonal), CB4 (solid) and H3BO3 (solid), all 
described by Murnaghan-type EOS. Among these 
B2O3 is of particular importance; it is likely the 
oxidation end-point of boron. Unfortunately B2O3 
experimental data are quite scarce. We note that 
our liquid EOS is in good agreement with the 
simulation results of Ohmura et al., and the 
melting line agrees well with that reported by 
Brazhkin et al..
37-39
 Nevertheless, such 
uncertainties i.e., lack of EOS data from other 
likely products, likely limit one’s confidence to 
make fully quantitative predictions. 
The combustion of solid boron particles is 
plagued by well known kinetics issues, which are 
probably important in the detonation of explosives 
loaded with metallic boron, just as in the case of 
aluminum-loaded compositions.
10
 We attempt to 
circumvent these complications and focus 
therefore on explosive mixtures with boronated 
organic compounds, which were studied 
experimentally.
6
 Examples are: 1) 86% (by 
weight) pentaerythritol tetranitrate (C5H8N4O12) + 
14% orthocarborane (C2B10H12), 2) 75% 
tetranitromethane (CN4O8) + 25% pentaborane 
(B5H9), and 3) 70% tetranitromethane + 30% 
borazine (B3N3H6); their initial densities are o = 
0.78, 1.14, and 1.28 g/cc, respectively. The 
experimental detonation velocities reported in ref. 
6 are Dexp=4.64, 5.9, and 6.3 km/s; our 
corresponding calculated values are, respectively, 
Dcalc = 4.78 ( =3.02%), 5.96 ( =1.02%) and 6.13 
( =-2.70%) km/s, indicating reasonable 
agreement. For these energetic mixtures we 
discover that the major detonation products 
containing boron are HBO2 and B2O3(l) (mixture-2 
also yields a small amount of liquid boron), mixed 
with the molecular detonation products typical for 
CHNO explosives. We show for example in Fig. 6 
the C-J point composition of mixture-3, which 
indicates, as expected, that large amounts of water 
also result upon detonation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Calculated C-J plane decomposition 
mixture from 70% tetranitromethane + 30% 
borazine (B3N3H6). 
 
Summary 
 
Since the reaction of B2O3 (l) + H2O(v) is likely 
an important route toward the formation of HBO2, 
its study at high temperatures and pressures will 
ultimately advance quantitative predictions of the 
thermodynamic and kinetic behavior of boron 
containing explosives and propellants. However 
the collection of accurate SoS data through 
currently available in situ measurement techniques 
is hindered by materials high photosensitivity 
and/or small P-T regions of chemical stability. We 
have attempted to overcome these challenges 
through development of a low-irradiance 
photoacoustical light scattering technique. SoS 
data collected on HBO2(l), suggests, albeit 
somewhat prematurely, that we can begin to 
develop EOS based thermochemical models to 
semi-empirically study/predict deflagration and 
detonation chemistry involving boron. For 
example our results for the melting curve of B2O3 
compare well with recent experimental data and 
this relatively stringent and successful 
confirmation adds a new level of confidence for 
computing metal assisted detonation products and 
concentrations. Given the relative simplicity and 
low expense required to perform PALS type 
measurements, it is our expectation that the 
example presented here will assist research 
initiatives directed to understand a wide-array of 
extreme condition chemical processes. 
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